Background {#Sec1}
==========

In 2015, the American College of Medical Genetics and Genomics (ACMG) and the Association for Molecular Pathology (AMP) established standards and guidelines \[[@CR1]\] for clinical variant interpretation. These guidelines provided criteria for classifying variants as pathogenic (P), likely pathogenic (LP), variant of uncertain significance (VUS), likely benign (LB), or benign (B) using distinct evidence types, each of which was assigned a level of strength. Additional rules specified combinations of the types and strengths of criteria sufficient to reach a pathogenic or benign classification. In cases of insufficient or conflicting evidence, variants were classified as VUS, which present a challenge in clinical molecular genetic testing as they should not alone be used to define clinical decision-making according to the ACMG/AMP standards. Functional data has considerable potential to aid in variant classification, particularly VUS reclassification \[[@CR2]\]. In contrast to the opportunistic nature of many types of evidence (such as the fortuitous discovery of a family with sufficient segregation data to aid interpretation), functional assays are the most amenable to development and therefore the most tractable to be produced in a timely manner after a variant is observed. The ACMG/AMP guidelines state that the results of "well-established" functional studies can qualify as evidence for functional criteria application coded as PS3 or BS3 (an abbreviation for functional evidence in the direction of a pathogenic or benign interpretation, respectively, at a default evidence strength of strong) and that validation, reproducibility, robustness, and ability of the assay to reflect the biological environment should be considered. However, it is unclear how these attributes should be evaluated, and selecting appropriate functional evidence often requires expert-level knowledge of the gene and disease.

The Clinical Genome Resource (ClinGen) has founded Variant Curation Expert Panels (VCEPs) in multiple high-priority disease areas, each tasked with developing adaptations of the ACMG/AMP rules for their disease or gene of interest \[[@CR3]\]. These VCEP specifications regarding functional data provided expert interpretations of the qualities required for an assay to be deemed "well-established."

In this study, we sought to define the characteristics of functional assays that satisfy PS3/BS3 criteria by conducting a comparative analysis of VCEP recommendations for these criteria. Six initial VCEPs that published disease- and gene-specific adaptations to the ACMG/AMP guidelines (*CDH1*, Hearing Loss, Inherited Cardiomyopathy-*MYH7*, *PAH*, *PTEN*, and RASopathy \[[@CR4]--[@CR9]\]) span multiple conditions with different underlying, well-known disease mechanisms; thus, diverse categories of functional assays (biochemical function, protein interaction, expression, model system, etc.) have been applied to test variants in the associated genes. We used these initial functional assay recommendations as a case study, allowing us to assess the validation parameters and evidence strength for each approved assay, as well as the features of assays that were not approved by the VCEPs. We curated instances of assays in the primary literature cited by each VCEP both in their recommendation publication and in the course of their pilot variant classification using consistent criteria. This approach allowed us to assess the extent to which cited instances of assays satisfy VCEP-specified recommendations and how they differed. Results from this work will be critical to identify areas of functional assay interpretation that requires further guidance to ensure uniformity in variant classification, both in the context of VCEP recommendation development and beyond the scope of ClinGen, such as interpretation in clinical laboratories and other curation efforts.

Methods {#Sec2}
=======

Evaluation of ClinGen VCEP specifications {#Sec3}
-----------------------------------------

We assessed the guidance for the use of PS3/BS3 by six ClinGen VCEPs with approved and published variant interpretation recommendations as of April 2019: *CDH1*, Hearing Loss, Inherited Cardiomyopathy-*MYH7*, *PAH*, *PTEN*, and RASopathy \[[@CR4]--[@CR9]\]. Information about the clinical features of these conditions and the detailed ACMG/AMP rule modifications can be found in each reference. In our initial survey of recommendations, we noticed certain parameters (replicates, controls, thresholds, and validation measures) were identified by more than one group. We evaluated how often these four assay parameters were specified by the VCEPs and whether each VCEP provided recommendations for modifying PS3/BS3 evidence strength to a moderate (PS3_M) or supporting (PS3_P/BS3_P) level.

Literature search and variant identification {#Sec4}
--------------------------------------------

To identify relevant primary literature for each VCEP, we cataloged each of the variants classified by the VCEP as part of their pilot variant classification effort and the final classification of each pilot variant (P, LP, VUS, LB, or B). Next, we determined which pilot variant interpretations included PS3/BS3 evidence and the specific instances of assay cited as evidence utilizing information in the VCEP publication, as well as ClinVar (<https://www.ncbi.nlm.nih.gov/clinvar/>) and the ClinGen Evidence Repository (<https://erepo.clinicalgenome.org/evrepo/>). In addition to curating primary literature cited as evidence in pilot variant interpretation, we curated the primary literature and reviews the VCEPs cited in their publications in support of their approval or exclusion of a given assay (see the "[Literature curation approach](#Sec6){ref-type="sec"}" section).

Inclusion and exclusion criteria {#Sec5}
--------------------------------

We focused our curation efforts on model organism and cellular in vivo and biochemical in vitro assays that determined the function of a gene product. We excluded assays that tested splicing, as these typically evaluated the transcript rather than the encoded protein function. We conducted a limited evaluation of assay instances using cells or tissue derived from affected individuals as the primary experimental material, as the variant in question was not isolated from the individual's genetic background and, as a result, abnormal gene product function cannot be definitively attributed to the genetic variant.

Literature curation approach {#Sec6}
----------------------------

We developed consistent criteria for evaluating classes of functional assays and specific instances of their use in evaluating the impact of a variant by establishing three main domains to describe a given assay. First, we curated the disease mechanism for a given gene-disease pair using the associated Monarch Disease Ontology (MONDO) identifier \[[@CR10]\], the functional pathway using Gene Ontology (GO) terms \[[@CR11]--[@CR13]\], the molecular etiology using controlled vocabulary (e.g., loss-of-function, dominant negative, or gain-of-function), and the inheritance pattern, also using a controlled vocabulary. Next, we identified the general class of each assay used in the primary literature each VCEP cited using ontology terms from Bioassay Ontology (BAO; <http://bioassayontology.org/>) \[[@CR14], [@CR15]\] and Evidence and Conclusion Ontology (ECO; <http://www.evidenceontology.org/>) \[[@CR16]\]. In some cases, ontologies describing the class of assay were found in only one of the two ontology databases. Finally, we used a structured narrative to describe the specific instance of an assay being performed. We summarized multiple attributes, including PubMed Identifier (PMID), study purpose, the entity performing the assay, methodology (including replicates, controls, thresholds, and validation measures), and assay results. We also cataloged other details specific to the assay, such as experimental material, quantitation measures, and statistical analyses.

Results {#Sec7}
=======

Each VCEP approved between one and seven assays for use as evidence for PS3/BS3 application (Table [1](#Tab1){ref-type="table"}), all reflective of the disease mechanism but with widely varying specificity regarding the descriptions of approved assays. These ranged from detailed assays evaluating the myristoylation status of a single residue in a given protein (RASopathy VCEP) to a broader specification of any mammalian variant-specific knock-in model (Inherited Cardiomyopathy VCEP). Two VCEPs (Hearing Loss and *PTEN*) approved any sufficiently validated assays not explicitly approved in their recommendations if deemed appropriate by the analyst in future variant interpretation efforts. We also noted the variability in the inclusion of guidance for downgrading strength modifications to a moderate or supporting level. We next surveyed the parameters stipulated by each VCEP (Table [2](#Tab2){ref-type="table"}). We also observed variation in the frequency and methods by which these parameters were specified, with most VCEPs detailing a need for one to two of these four parameters to be fulfilled by an individual instance of a functional assay. Table 1Overview of Variant Curation Expert Panel (VCEP) disease areas and mechanisms, functional assay classes, and accompanying strength level modificationsVCEPGeneMONDO ID for diseaseMolecular etiologyInheritance patternGO term for disease mechanism-related function/localizationClass of assayMax evidence levelPS3BS3*CDH1CDH1*MONDO:0007648 (hereditary diffuse gastric adenocarcinoma)LOFADSplicing assessmentSSGO:0098641 (cadherin binding involved in cell-cell adhesion)*Cell aggregation assay*Not approvedGO:0030336 (negative regulation of cell migration)*Cell invasion assay*Not approved*Wound closure assay*Not approvedGO:0016342 (catenin complex)*Proximity ligation assay*Not approvedHearing Loss*COCH*MONDO:0011058 (DFNA9)GOF/DNADGO:0032940 (secretion by cell)Secretion assayMPGO:0005615 (localization in extracellular space)Localization assayMPDimerization assayMP*GJB2*MONDO:0009076 (DFNB1)MONDO:0011103 (DFNA3A)DFNB1: LOFDFNA3A: DNDFNB1: ARDFNA3A: ADGO:0005243 (gap junction channel activity)Electrical coupling assayMPGO:0007267 (cell-cell signaling)Dye diffusion assayMP*SLC26A4*MONDO:0010933 (DFNB4)LOFARGO:0006811 (ion transport)Radioactive anion isotope transport assayPPGO:0006885 (regulation of pH)Fluorescent anion transport assayPPAll genesMONDO:0019497 (nonsyndromic genetic deafness)VariesVariesMouse knock-in modelSOther functional assays with limited validationPInherited cardiomyopathy*MYH7*MONDO:0024573 (familial hypertrophic cardiomyopathy)MONDO:0005021 (dilated cardiomyopathy)MONDO:0005201 (restrictive cardiomyopathy)GOFADGO:0060048 (cardiac muscle contraction)Mammalian knock-in modelSGO:0000146 (microfilament motor activity)*Motility assay*Not approvedGO:0051117 (ATPase binding)*ATPase assay*Not approved*PAHPAH*MONDO: 0009861 (phenylketonuria)LOFARGO:0004505 (phenylalanine 4-monooxygenase activity)PAH enzyme activity assaySS*PTENPTEN*MONDO:0017623 (hamartoma tumor syndrome)LOFADGO:0046856 (phosphatidylinositol dephosphorylation)Phosphatase activity assaySS\*Splicing assessmentSSPTEN/pAKT expression assayPGO:0005634 (localization in nucleus)Localization assayPGO:0030336 (negative regulation of cell migration)Cell migration/invasion assayPGO:0042127 (regulation of cell proliferation)Cell proliferation assayPTransgenic model organismPRASopathy*BRAF*MONDO:0015280 (cardio-acio-cutaneous syndrome)GOFADGO:0000186 (activation of MAPKK activity)MAP 2 K1/2 and ERK1/2 phosphorylation assaySSGO:0004674 (protein serine/threonine kinase activity)BRAF kinase activity assaySSGO:0009887 (animal organ morphogenesis)Mouse or zebrafish modelSS*HRAS*MONDO:0009026 (Costello syndrome)GOFADGO:0043410 (positive regulation of MAPK cascade)MAP2K1/2 and ERK1/2 phosphorylation assaySSGO:0005525 (GTP binding)RAF1 or RBD binding assaySSGO:0009887 (animal organ morphogenesis)Mouse or zebrafish modelSS*KRAS*MONDO:0015280 (cardio-facio-cutaneous syndrome)GOFADGO:0043406 (positive regulation of MAP kinase activity)MAP2K1/2 and ERK1/2 phosphorylation assaySS*MAP 2 K1/2*MONDO:0015280 (cardio-facio-cutaneous syndrome)GOFADGO:0004708 (MAP kinase kinase activity)ERK1/2 phosphorylation assaySS*PTPN11*MONDO:0018997 (Noonan syndrome)GOFADGO:0004725 (protein tyrosine phosphatase activity)SHP-2 phosphatase activity assaySSGO:0000187 (activation of MAPK activity)ERK1/2 activation assaySSGO:0009887 (animal organ morphogenesis)Mouse, zebrafish, or Drosophila modelSS*RAF1*MONDO:0018997 (Noonan syndrome)GOFADGO:0000186 (activation of MAPKK activity)MAP2K1/2 and ERK1/2 phosphorylation assaySSGO:0004674 (protein serine/threonine kinase activity)RAF1 kinase activity assaySSGO:0009887 (animal organ morphogenesis)Mouse modelSS*SHOC2*MONDO:0018997 (Noonan syndrome)GOFADGO:0005634 (localization in nucleus)Myristoylation assaySS*SOS1*MONDO:0018997 (Noonan syndrome)GOFADGO:0005088 (Ras guanyl-nucleotide exchange factor activity)RAS activation assaySSGO:0007265 (Ras protein signal transduction)ERK1/2 activation assaySSGO:0009887 (animal organ morphogenesis)Mouse modelSSEvidence strength level modifications of PS3 or BS3 evidence abbreviated as "S" for strong, "M" for moderate, and "P" for supporting, see Additional file [1](#MOESM1){ref-type="media"} for supporting information and references*AD* autosomal dominant, *AR* autosomal recessive, *DN* dominant negative, *GOF* gain-of-function, *LOF* loss-of-function\*Must be accompanied by a second assay demonstrating no statistically significant difference from wild type to be used as evidence for BS3 applicationItalicized assays represent classes of assays not approved by the VCEP Table 2Summary of PS3/BS3 assay parameter specifications and strength modification recommendations by each Variant Curation Expert Panel (VCEP)VCEPReplicationControlsThresholdsValidationPossible PS3 evidence levels*CDH1✓✓*Strong, supportingHearing Loss*✓✓*Moderate, supportingInherited Cardiomyopathy (*MHY7*)*✓*Strong*PAH✓*Strong*PTEN✓✓✓*Strong, supportingRASopathy*✓*Strong

The frequency of functional criteria application in pilot variant interpretation varied widely among VCEPs (Fig. [1](#Fig1){ref-type="fig"}a), with the *PAH* and RASopathy VCEPs using PS3/BS3 at the highest frequency in their pilot variant classification (31/85 variants and 36/103 variants, respectively) while the *CDH1* and Inherited Cardiomyopathy VCEPs applied PS3/BS3 less commonly (4/49 variants and 4/60 variants, respectively). Variants that were ultimately classified as VUS rarely included PS3/BS3 evidence codes (Fig. [1](#Fig1){ref-type="fig"}b). We noted general agreement between the functional data criteria applied to pilot variants and the overall variant classification (Fig. [1](#Fig1){ref-type="fig"}c). Pilot variant interpretations that included PS3 criteria were frequently given an overall classification of LP or P, with very few classified as VUS and none classified as LB or B. Similarly, those that included BS3 criteria were often classified as LB or B, with one interesting exception of a variant with BS3 evidence ultimately classified as P. Given the variation observed in our broad analysis of parameter specification across VCEPs, we used consistent criteria to curate primary literature cited by each of the six VCEPs to assess their application of these parameters (see the "[Methods](#Sec2){ref-type="sec"}" section). Fig. 1Use of the PS3/BS3 criteria in Variant Curation Expert Panel (VCEP) pilot variant classification. **a** Comparison of PS3 criterion application at any strength level (purple) and BS3 criterion application at any strength level (orange) in the pilot variant classification of each VCEP. **b** Comparison of PS3 criterion application at any strength level (purple) and BS3 criterion application at any strength level (orange) to variants ultimately classified as variants of uncertain significance (VUS) in the pilot variant classification of each VCEP. **c** Comparison of the final classification (P, LP, VUS, LB, or B) of pilot variants with PS3/BS3 criteria (at any strength level). The *CDH1* VCEP and the Inherited Cardiomyopathy-*MYH7* VCEP did not use BS3 evidence in the interpretation of any pilot variants

*CDH1* VCEP {#Sec8}
-----------

The *CDH1* VCEP sets guidelines for functional studies of the E-cadherin protein encoded by *CDH1* (Table [1](#Tab1){ref-type="table"}) \[[@CR4]\]. Loss-of-function variants in the *CDH1* gene have been associated with hereditary diffuse gastric cancer through a loss of cell adhesion and an increase in cell motility \[[@CR17], [@CR18]\]. In vitro studies commonly test *CDH1* variants for retention of 2 main functions: cell-cell adhesion and invasion suppression, through aggregation assays or collagen invasion assays, respectively (see Additional file [1](#MOESM1){ref-type="media"} for a detailed discussion of biological context of assays). The *CDH1* VCEP evaluated 49 variants in their pilot study and assigned the PS3 criterion to 4 \[[@CR4]\]. The only approved assays were those that measure abnormal splicing of the *CDH1* gene, as this measures one of the main disease mechanisms. For the purpose of this analysis, we only assessed functional studies that evaluate the effect of *CDH1* variants on protein function and not those assessing splicing variation (see the "[Methods](#Sec2){ref-type="sec"}" and "[Discussion](#Sec14){ref-type="sec"}" sections).

This VCEP also reviewed literature studying the effect of missense variants \[[@CR19]\] and identified 14 variants with 2 or more published "abnormal" functional assay results, 6 of which were included in the pilot set. However, this VCEP ultimately decided these assays (aggregation/invasion, wound closure, and proximity ligation) were not sufficient predictors of pathogenicity, in part because none of the 14 variants was found in a large database of *CDH1* variants from individuals with disease \[[@CR4]\]. To better understand why the VCEP deemed these assays poor predictors of pathogenicity for missense variants, we evaluated each functional assay the VCEP considered (Fig. [2](#Fig2){ref-type="fig"}; see also Additional file [2](#MOESM2){ref-type="media"}: Tables S1 and S2). We then compared the findings from these functional studies to assertions in ClinVar, both from the VCEP and other clinical labs (Additional file [2](#MOESM2){ref-type="media"}: Table S3), to examine if the functional assays that tested *CDH1* missense variants could predict pathogenicity. While most clinical lab entries in ClinVar did not specify which rule codes they used in their interpretation, many commented on the functional data. Only 1 of the 14 variants analyzed had a likely pathogenic assertion, while the remaining variants were classified as benign (5), VUS (8), conflicting (1), or not listed in ClinVar (3). We also noted that while each assay instance incorporated wild-type and mock controls, no known pathogenic or benign controls were used to validate the assays. This limited validation coupled with an absence of identified definitively pathogenic missense variants makes it difficult to determine the positive predictive value of these assays and likely contributed to the VCEP not approving any existing functional studies of missense variants. Fig. 2Representative findings from the curation of specific instances of *CDH1* functional assays. We assessed the following methods and validation parameters of aggregation/invasion, wound closure, and proximity ligation assays: experimental material, controls, replication, and output. \*Assays not approved by the Variant Curation Expert Panel (VCEP), see Additional file [2](#MOESM2){ref-type="media"}: Tables S1 and S2 for the full primary literature curation results

Hearing Loss VCEP {#Sec9}
-----------------

The Hearing Loss (HL) VCEP developed disease-specific recommendations for variant interpretation in the context of nine genes commonly associated with hearing loss: *CDH23*, *COCH*, *GJB2*, *KCNQ4*, *MYO6*, *MYO7A*, *SLC26A4*, *TECTA*, and *USH2A* (Table [1](#Tab1){ref-type="table"}; see also Additional file [1](#MOESM1){ref-type="media"}) \[[@CR5]\]*.* A single assay type, a variant-specific knock-in mouse model recapitulating the hearing loss phenotype, was the only functional study approved for PS3 application at the strong level. Additional guidelines for PS3/BS3 application at reduced strength levels were given for three genes: *COCH*, *GJB2*, and *SLC26A4*. Given the heterogeneity in disease mechanism underlying the multiple types of hearing loss, each gene was associated with a unique set of approved functional assays (Table [1](#Tab1){ref-type="table"}; see also Additional file [1](#MOESM1){ref-type="media"} for a detailed discussion of biological context of assays). The HL VCEP calculated the positive and negative predictive values of functional assays commonly used to assess variants in these three genes (*COCH*, *GJB2*, *SLC26A4*) by comparing published assay results with ClinVar classifications \[[@CR5]\]. For a P or LP ClinVar variant, an "abnormal" assay result compared to wild type was considered a true positive, while an assay result similar to wild type was considered a false negative. Similarly, for a variant classified as B or LB in ClinVar, a wild-type-like assay result was considered a true negative, while an "abnormal" result was considered a false positive.

In the VCEP pilot variant classification of 41 variants, PS3 (at any strength level) was applied to 8 variants and BS3 (at a supporting strength level) was applied to 2 variants. The VCEP did not cite any mouse models in their final variant curations, despite previous reports of mouse models generated for 2 pilot variants (*GJB2* c.109G\>A and *SLC26A4* c.919-2A\>G) \[[@CR20], [@CR21]\]. Assays testing transport capability (electrical coupling, dye transfer, anion transport) were the most commonly used functional evidence (applied as PS3/BS3 assertions at reduced strength for 8 variants). We assessed each of the 31 specific instances of these assays cited by the VCEP, in which some variants were evaluated more than once, to determine how often the parameters defined by the VCEP were satisfied (Fig. [3](#Fig3){ref-type="fig"}; see also Additional file [2](#MOESM2){ref-type="media"}: Tables S4 and S5). While all instances \[[@CR22]--[@CR48]\] tested a wild-type control, water-injected or nontransfected controls were less consistently used (24/31), despite the VCEP's stated requirement. Statistical testing was included in 17/31 cited instances of assay. In particular, no statistical analysis was done for the dye transfer assays, possibly because the results of this test are qualitative rather than quantitative. Finally, the HL VCEP applied PS3_supporting to a variant in an additional gene not given assay-specific recommendations, *KCNQ4* c.853G\>A p.(Gly285Ser). Two instances of an electrical coupling assay \[[@CR49], [@CR50]\] showing little to no electrical current in cells expressing *KCNQ4* p.Gly285Ser were used as evidence for PS3_supporting. Although no specific guidance was given for *KCNQ4* variant interpretation, functional assays with limited validation were generally approved by the VCEP at the PS3_supporting level for all hearing loss-associated genes. Fig. 3Representative findings from the curation of specific instances of *GJB2* functional assays. We assessed the following methods and validation parameters of electrical coupling and dye transfer assays: experimental material, controls, replication, and output. ^†^Specific instance of assay cited by the Variant Curation Expert Panel (VCEP) as evidence for the PS3/BS3 criteria in pilot variant classification, see Additional file [2](#MOESM2){ref-type="media"}: Tables S4 and S5 for the full primary literature curation results

A variant in the pilot set, *SLC26A4* c.349C\>T p.(Leu117Phe), was assigned BS3_supporting, but given an overall pathogenic classification (and, post-publication, downgraded to likely pathogenic in the ClinGen Evidence Repository). Although a radioactive anion isotope transport assay \[[@CR46]\] found no statistically significant difference in the rate of iodide efflux in cells expressing the *SLC26A4* variant, the VCEP reasoned that the functional assay may not assess all ion transport functions of the protein or fully reflect the biological environment, and noted that the benign functional evidence at a supporting level was not considered to be in conflict with other pathogenic evidence leading to the final classification. While the VCEP did not give specific recommendations for handling conflicting criteria, this case suggests that functional assays, even if VCEP-approved, are limited in their ability to test all functions of a protein. Functional evidence, especially evidence supporting BS3 criteria, must be weighed with other types of evidence in making an overall classification determination (see the "[Discussion](#Sec14){ref-type="sec"}" section).

Inherited Cardiomyopathy-*MYH7* VCEP {#Sec10}
------------------------------------

The Inherited Cardiomyopathy VCEP published recommendations for interpretation of variants in *MYH7*, encoding α (alpha) cardiac myosin heavy chain, a gene associated with multiple forms of cardiomyopathy (dilated, hypertrophic, and restrictive) (Table [1](#Tab1){ref-type="table"}) \[[@CR6]\]. The expert panel reviewed published functional evidence for their 60 pilot variants to determine which assays qualified for PS3/BS3 evidence (see Additional file [1](#MOESM1){ref-type="media"} for a detailed discussion of the biological context of assays). After evaluating in vivo and in vitro functional evidence for 23 of these variants, they approved only in vivo mammalian, variant-specific knock-in models to serve at the strong level and applied this evidence to 4 variants. Given the poor predictive value of the 16 in vitro assays evaluated in their review, no in vitro assays were approved at any strength level and were not cited as evidence for any pilot variants.

When assessing the various functional assays this expert panel reviewed but ultimately did not approve, we noted that the *MYH7* c.1208G\>A p.(Arg403Gln) variant was tested in many of the functional studies. We used this variant to compare the characteristics of the assays that this VCEP did approve for use as evidence of PS3/BS3 (knock-in mouse model) to those that were not approved (in vitro motility assay and ATPase assay) (Fig. [4](#Fig4){ref-type="fig"}; see also Additional file [2](#MOESM2){ref-type="media"}: Tables S6 and S7). The first knock-in mouse model of hypertrophic cardiomyopathy introduced the c.1208G\>A p.(Arg403Gln) variant into the endogenous murine *Myh7* \[[@CR51]\]. The mice had a heart phenotype similar to hypertrophic cardiomyopathy that was recapitulated in multiple instances, which reported defective myocyte function and development of cardiac hypertrophy and lethal cardiomyopathy \[[@CR36], [@CR52]--[@CR57]\] in mice bearing an p.Arg403Gln *Myh7* variant. The VCEP considered this strong evidence for pathogenicity. We also reviewed two classes of in vitro functional assay commonly used to assess the effect of *MYH7* c.1208G\>A p.(Arg403Gln), but not approved by the VCEP: the in vitro motility assay and the ATPase assay. The in vitro motility assay measures the velocity of actin filament sliding on a surface coated with myosin, a motion required for normal muscle contraction in vivo \[[@CR58], [@CR59]\], while the ATPase assay measures the enzymatic function of ATP exchange required for force generation \[[@CR60], [@CR61]\]. We examined several instances of each assay type \[[@CR57], [@CR62]--[@CR70]\] and noted heterogeneity in the source of myosin used, as well as a general lack of controls with known effect (other than wild type) for comparison to the variant myosin \[[@CR57], [@CR62]--[@CR70]\]. Furthermore, distinct instances of this assay examining the c.1208G\>A p.(Arg403Gln) *MYH7* variant yielded conflicting results, with some studies finding increased actin filament velocity \[[@CR57], [@CR65]--[@CR69]\] or ATPase activity \[[@CR57], [@CR66], [@CR67]\] and others reporting decreased actin filament velocity \[[@CR62]--[@CR64], [@CR70]\] or ATPase activity \[[@CR64], [@CR68], [@CR70]\]. Poor reproducibility of the motility assay has been previously reported \[[@CR71]\] and is thought to arise, at least partially, due to technical complications in myosin isolation. Ultimately, this case study demonstrates that poor reproducibility across instances of an assay class complicates the interpretation of the results in aggregate and no evidence from this assay class was approved for application. Fig. 4Representative findings from the curation of specific instances of *MYH7* functional assays. We assessed the following methods and validation parameters of variant-specific knock-in mouse models, ATPase activity, and motility assays: experimental material, controls, replication, and output. \*Assays not approved by the Variant Curation Expert Panel (VCEP). ^†^Specific instance of assay cited by the VCEP as evidence for the PS3/BS3 criteria in pilot variant classification, see Additional file [2](#MOESM2){ref-type="media"}: Tables S6 and S7 for the primary literature curation results

*PAH* VCEP {#Sec11}
----------

The *PAH* VCEP published functional study guidelines for variants in the phenylalanine hydroxylase (*PAH*) gene associated with phenylketonuria (PKU) (Table [1](#Tab1){ref-type="table"}) \[[@CR7]\]. They reviewed the existing literature for functional studies and approved a well-established in vitro PAH enzyme activity assay involving the expression of the variant allele in cultured cells and measurement of the variant enzyme activity in comparison with wild-type activity. In vitro PAH enzyme activity correlates with the severity of the PKU phenotype (see Additional file [1](#MOESM1){ref-type="media"} for a detailed discussion of the biological context of assays) \[[@CR72]\]. A threshold of 0--50% residual enzyme activity compared to wild type was recommended for evidence of abnormal activity sufficient for PS3 application \[[@CR7]\]. The VCEP assessed 85 variants in their pilot study and assigned PS3 to 29 variants with residual PAH activity values of ≤ 50% compared to wild type. The VCEP did not recommend the use of other assays described in the primary literature measuring *PAH* expression or protein folding, aggregation, or stability \[[@CR73]\].

To assess the use of the enzyme activity assay by the VCEP, we evaluated specific instances of assays measuring PAH activity cited as evidence in their pilot variant classification. We noted several discrepancies in assay methodology among the different research groups (Fig. [5](#Fig5){ref-type="fig"}; see also Additional file [2](#MOESM2){ref-type="media"}: Tables S8 and S9). In most instances, *PAH* variants were expressed in COS monkey kidney cells and enzyme activity was measured in cell extracts \[[@CR73]--[@CR79]\], though some expressed the variant in *Escherichia coli* and measured enzyme activity of the purified protein \[[@CR73], [@CR80], [@CR81]\]. In some instances, a synthetic cofactor 6-MPH~4~ \[[@CR73], [@CR74], [@CR76], [@CR79], [@CR82]\] was used in place of the natural cofactor BH~4~ \[[@CR76]--[@CR78], [@CR80], [@CR81], [@CR83]\]. The method for measuring the conversion of phenylalanine to tyrosine also differed among experiments, with early researchers using paper chromatography or thin-layer chromatography (TLC), visualizing the results with autoradiography, and quantifying via a liquid scintillation counter \[[@CR73], [@CR75], [@CR79], [@CR83]\]. As technology advanced, experiments used high-performance liquid chromatography (HPLC) with fluorometric detection \[[@CR80], [@CR84]\] or the more sophisticated method of liquid chromatography measured with electrospray ionization tandem mass spectrometer \[[@CR78]\]. Fig. 5Representative findings from the curation of specific instances of *PAH* functional assays. We assessed the following methods and validation parameters of enzyme activity and protein folding/stability assays: experimental material, cofactor, detection method, controls, replication, and output. \*Assays not approved by the Variant Curation Expert Panel (VCEP). ^†^Specific instance of assay cited by the VCEP as evidence for the PS3/BS3 criteria in pilot variant classification. TLC, thin-layer chromatography; HPLC-Fluorescence, high-performance liquid chromatography coupled with fluorescence detection; LC-MS, liquid chromatography coupled with mass spectrometry, see Additional file [2](#MOESM2){ref-type="media"}: Tables S8 and S9 for the full primary literature curation results

Given the differences in assay methodologies in instances of the PAH enzyme activity assay, we concluded that PAH activity results may vary among different instances of the assay analyzing the same variant. To test this, we compared enzyme activity results from multiple sources to the final enzyme activity cited by the VCEP as evidence for the interpretation of a given variant. One such source, a meta-analysis of in vitro PAH enzyme activity assays of 87 *PAH* variants from 49 publications also noted different methodologies for measuring PAH activity, including different cell expression systems, cofactors, temperatures, reaction times, measurement methods, and variation in the final assay result \[[@CR72]\]. Of the 29 variants assessed in the VCEP pilot study and ultimately assigned PS3, 18 had more than 1 result reported in the sources we reviewed (Table [3](#Tab3){ref-type="table"}). We observed consistency in the activity levels of more severe variants that were often identified in individuals with classical PKU, but the milder variants had a wide range of reported enzyme activity levels. Of note, 9 variants had at least 1 report of enzyme activity ≥ 50% of wild type, which would exceed the VCEP-established cutoff and conflict with the VCEP-cited evidence in support of a PS3 assertion. The variation in enzyme activity levels may be dependent on experimental design; thus, further guidance is needed on the most appropriate method to measure the activity level and/or on how to resolve the conflicting results. Table 3Comparison of PAH enzyme activities reported in a meta-analysis publication Himmelreich et al. \[[@CR72]\], the PAH locus-specific database (PAHvdb), and the *PAH* Variant Curation Expert Panel (VCEP) variant evidence for PS3 criteria*PAH* VariantPercentage of enzyme activity by sourcecDNAProteinHimmelreich et al. \[[@CR72]\] (PMID: 30037505)*PAH*vdbVCEP evidence for PS3 assertionLiterature ReviewAssay\*c.194T\>Cp.(Ile65Thr)26, 27, 33, 48, *60*^†^3325c.311C\>Ap.(Ala104Asp)*67*^†^*77*2726c.473G\>Ap.(Arg158Gln)2^†^, 5, 9, 10, 29100.2--1.8c.533A\>Gp.(Glu178Gly)313939c.721C\>Tp.(Arg241Cys)25*57*2525c.754C\>Tp.(Arg252Trp)0, 0^†^1501c.755G\>Ap.(Arg252Gln)2433c.782G\>Ap.(Arg261Gln)27, 30, 43, 47, *52*^†^234415--30c.842C\>Tp.(Pro281Leu)0, 1, 1^†^22c.898G\>Tp.(Ala300Ser)32*65*3131c.916A\>Gp.(Ile306Val)12^†^253918c.926C\>Tp.(Ala309Val)*70*124230c.1162G\>Ap.(Val388Met)15, 23^†^, 43*83*2815c.1208C\>Tp.(Ala403Val)32, *100*33*66*43c.1222C\>Tp.(Arg408Trp)0, 1, 3, 5221.3--1.85c.1223G\>Ap.(Arg408Gln)9^†^, 33, *55*, *84*414646c.1238G\>Cp.(Arg413Pro)21135\< 3c.1241A\>Gp.(Tyr414Cys)28, 38^†^, 50, *8057*50Italicized values indicate measured enzyme activity levels above the \> 50% enzyme activity range specified by the VCEP and in direct conflict with the VCEP-cited enzyme activity value in support of PS3 assertion\*Results generated in a PAH enzyme activity assay conducted in Himmelreich et al. \[[@CR72]\] (PMID: 30037505). Other results were derived as part of the literature review conducted in Himmelreich et al. \[[@CR72]\]^†^Enzyme activity result generated by PAH expression in *E. coli.* All other results were generated by PAH expression in COS cells

*PTEN* VCEP {#Sec12}
-----------

The *PTEN* VCEP outlined specific recommendations for seven accepted general classes of functional assays testing the effect of variants in this gene associated with hereditary cancer (Table [1](#Tab1){ref-type="table"}; see also Additional file [1](#MOESM1){ref-type="media"} for a detailed discussion of the biological context of assays) \[[@CR8]\]. In the VCEP pilot variant classification of 36 *PTEN* variants, PS3 was applied to 4 variants, PS3_supporting was applied to 1 variant, and BS3_supporting was applied to 1 variant. Phosphatase activity was the most commonly used assay (3 of 4 variants assigned PS3), with a single study \[[@CR85]\] testing the ability of purified proteins to dephosphorylate PIP3 in vitro used to support the PS3 assertion for all 3 variants. Each of these variants displayed \> 90% reduction in phosphatase activity, well below the VCEP-approved threshold of ≥ 50% reduction in protein activity compared to wild-type PTEN, and were replicated in 3 independent experiments, but the VCEP-specified catalytically inactive control was not included (Fig. [6](#Fig6){ref-type="fig"}; see also Additional file [2](#MOESM2){ref-type="media"}: Tables S10 and S11). Two variants were classified PS3 or BS3 based on splicing assays \[[@CR86], [@CR87]\], which we did not evaluate (see the "[Methods](#Sec2){ref-type="sec"}" section). The final variant in the pilot set was assigned PS3_supporting based on altered protein localization \[[@CR88]\]. Fig. 6Representative findings from the curation of specific instances of *PTEN* functional assays. We assessed the following methods and validation parameters of phosphatase activity, PTEN level, pAKT level, protein localization, cell proliferation, and cell migration assays: experimental material, controls, replication, and output. ^†^Specific instance of assay cited by the Variant Curation Expert Panel (VCEP) as evidence for the PS3/BS3 criteria in pilot variant classification, see Additional file [2](#MOESM2){ref-type="media"}: Tables S10 and S11 for the full primary literature curation results

The VCEP cited a study that assessed PTEN protein levels in lymphoblast cell lines derived directly from individuals with Cowden syndrome \[[@CR89]\]. Further guidance on the use of tissues and cell lines derived from affected individuals in functional assays is needed to inform the application of this type of evidence (see the "[Methods](#Sec2){ref-type="sec"}" and "[Discussion](#Sec14){ref-type="sec"}" sections). Additional guidance may also be necessary to interpret transgenic model organism evidence. Although the VCEP specified that this class of functional assay could be used in support of PS3_supporting, no studies of transgenic model organisms were used by the VCEP in pilot variant classification and the exact phenotypes required to use this type of evidence are unclear. Also of note was a high-throughput assay cited by the VCEP, but not used in pilot variant interpretation. This study used saturation mutagenesis to assess the pathogenicity of over 8000 *PTEN* variants, nearly all possible missense variants, by expressing *PTEN* in yeast cells and using cell growth rate as a readout for phosphatase activity \[[@CR90]\]. The same three variants in the pilot set found to have reduced phosphatase activity in an in vitro phosphatase activity assay \[[@CR85]\] were also tested in this high-throughput assay \[[@CR90]\]. Fitness scores of all three of these variants were lower than that observed for wild-type or "wild-type-like" variants, suggesting agreement of this approach with small-scale in vitro assays.

RASopathy VCEP {#Sec13}
--------------

The RASopathy VCEP published recommendations for PS3/BS3 application in interpretation of variants in nine genes linked to RASopathy conditions: *BRAF*, *HRAS*, *KRAS*, *MAP 2K1*, *MAP 2K2*, *PTPN11*, *RAF1*, *SHOC2*, and *SOS1* (Table [1](#Tab1){ref-type="table"}; see also Additional file [1](#MOESM1){ref-type="media"} for a detailed discussion of the biological context of assays) \[[@CR9]\]. Assays measuring MAP 2K1/2 and ERK1/2 phosphorylation \[[@CR91]--[@CR104]\] were the most commonly cited functional evidence in pilot variant classification (24/36 variants). The VCEP indicated that MAP 2K1/2 and ERK1/2 activation should be measured both basally and following receptor tyrosine kinase stimulation, typically via epidermal or fibroblast growth factor addition (EGF and FGF). We noted disparities of assay instances with respect to whether measurements were taken in serum-starved cells, stimulated cells, or both, and in the method of stimulation (serum addition vs. purified EGF or FGF addition) (Fig. [7](#Fig7){ref-type="fig"}; see also Additional file [2](#MOESM2){ref-type="media"}: Tables S12 and S13). Direct quantification was not required, but was completed in many instances, as were statistical analyses. Fig. 7Representative findings from the curation of specific instances of RASopathy functional assays. We assessed the following methods and validation parameters of MAP 2K1/2 and ERK1/2 phosphorylation assays: cell treatment, controls, replication, and output. ^†^Specific instance of assay cited by the Variant Curation Expert Panel (VCEP) as evidence for the PS3/BS3 criteria in pilot variant classification. ^‡^Specific instance of assay cited by the VCEP as evidence for the PS3/BS3 criteria in pilot variant classification for variants in multiple genes: PMID 18413255 cited as evidence for the PS3/BS3 criteria for variants in *BRAF* and *MAP 2K1/2*; PMID 16439621 cited as evidence for PS3/BS3 for variants in *KRAS* and *MAP 2 K1/2*; and PMID 21784453 cited as evidence for PS3/BS3 for variants in *RAF1* and *SOS1*, see Additional file [2](#MOESM2){ref-type="media"}: Tables S12 and S13 for the full primary literature curation results

Gain-of-function *BRAF* variants leading to an increase in kinase activity are most commonly associated with cardio-facio-cutaneous syndrome; however, gain-of-function variants that result in reduced kinase activity and impaired stimulation of MAP 2K1/2 and ERK1/2 phosphorylation have also been observed \[[@CR101], [@CR105]\]. Although the VCEP specified that increased kinase activity could be used in support of PS3, no guidelines were given for variants that result in kinase impairment, despite their application of PS3 to variants with reduced BRAF kinase activity (e.g., *BRAF* c.1787G\>T p.Gly596Val). Similarly, PS3 was applied to a *PTPN11* variant (c.1403C\>T p.Thr468Met) with impaired phosphatase activity measured in different instances of the same assay type, but the VCEP only gave recommendations for variants that resulted in increased phosphatase activity. In two instances, the VCEP cited an *ELK* transactivation assay as evidence for PS3 application. While this assay was not explicitly approved by the VCEP, it appears to reflect the disease mechanism, as it measures the ability of *BRAF* to activate downstream transcription of *ELK* transcription factor.

Discussion {#Sec14}
==========

Our review of disease- and gene-specific functional assay evidence recommendations by six VCEPs highlighted a general uniformity across VCEPs in the approval of assays reflective of disease mechanism and, in some cases, the explicit exclusion of assays deemed to be poor predictors of variant pathogenicity. This underscores the requirement of a well-characterized disease mechanism to inform the development and application of functional assays for variant interpretation. However, our efforts also identified the major differences among VCEPs in parameter specification and evidence capturing, suggesting the need for a baseline guide for functional evidence assessment and consistent criteria for capturing functional evidence. Along with the evidence curation criteria described in this study, standardized ClinGen criteria for functional assay evaluation should be developed to ensure consistency among VCEPs. The use of standard operating procedures for curating functional assay evidence could also improve transparency by encouraging complete recording of evidence used in variant classification, including documenting any conflicting evidence and whether a given piece of functional evidence for a variant was considered but not deemed appropriate, vs. not evaluated at all.

We noted five recurring points of interest that will likely require further elucidation by the ClinGen Sequence Variant Interpretation Working Group to streamline functional evidence interpretation: (1) methodology for estimating the predictive power of assays, (2) consideration of splicing assays within PS3/BS3 criteria, (3) use of functional data from experimental materials derived from affected individuals, (4) unclear recommendations for creation and interpretation of model organism evidence, and (5) limited guidance for conflicting evidence.

Two VCEPs, Hearing Loss (HL) and *CDH1*, detailed their approach for estimating the predictive power of assays to determine which assays should be approved for use as PS3/BS3 evidence. The HL VCEP calculated the positive and negative predictive value of functional assays commonly used to assess variants in three genes (*COCH*, *GJB2*, *SLC26A4*) by comparing published assay results with ClinVar classifications \[[@CR5]\], while the *CDH1* VCEP compared published assay results with data from affected individuals (see the "[*CDH1* VCEP](#Sec8){ref-type="sec"}" and "[Hearing Loss VCEP](#Sec9){ref-type="sec"}" sections) \[[@CR4]\]. Importantly, these estimations were limited by the number of variants assessed, with 10 to 23 variants analyzed per hearing loss-related assay or by its reliance on previous identification of the variant in populations of affected individuals. Furthermore, the HL VCEP used aggregated results of multiple specific instances of a general class of assay, rather than assessing each instance and its validation parameters independently. In our view, the predictive value of a functional assay is most reliably determined using variants of known pathogenic or known benign interpretation (interpreted as such without using functional evidence) in the same instance of the assay, rather than attempting a post hoc calculation across different instances of the same assay. Clearly, additional guidance on appropriate methods for estimating the predictive power of assays is needed.

For the purpose of this analysis, we defined functional assays as systematic experiments (either in vitro or in vivo) used to elucidate the function of a protein in a cellular pathway or biological process \[[@CR106]\]. With this in mind, we did not curate splicing assay evidence, despite splicing assessment being explicitly approved by the *CDH1*, *PAH*, and *PTEN* VCEPs and implicitly approved by the HL VCEP (via the use of splicing evidence in the interpretation of a pilot variant). While these assays can provide evidence of abnormal splicing and confirm the results from in silico predictors, it does not directly test the function of the protein, and as a result, we suggest that splicing evidence represents a distinct type of evidence that may require separate interpretation recommendations.

We also observed relatively frequent citation of functional studies using cells or tissue derived from affected individuals in the primary literature used as evidence for PS3/BS3 criteria. It is important to consider both the utility and the limitations of these experimental materials. While analyzing the expression of the expected mRNA in the affected individual can be a useful way to identify unexpected effects of a variant on the RNA abundance or splicing, assessment of protein function using samples derived from affected individuals can be difficult to interpret. As reasoned by Strande et al. \[[@CR107]\], studies conducted using tissue or cells from an affected individual can provide high-level information about the clinical phenotype (biochemical or enzymatic dysfunction), but not the variant-level effect, as the variant being tested cannot be isolated from other variants present in the individual's genome. In general, this evidence may be better suited as evidence for the application of PP4 (supporting evidence of variant pathogenicity based on the individual's specific phenotype as it relates to a disease).

Knock-in animal models were approved in some capacity by four of the six VCEPs; however, we noted a lack of guidance in their recommendations for model creation and interpretation. Some VCEPs gave no specifications for the number or type of different strains that should be used, the number of individual organisms that should be analyzed, or the features the animal must display to sufficiently recapitulate the disease phenotype. It was also unclear if studies using cells or tissue derived from a model organism for in vitro experiments should be considered model organism evidence. For example, although the Inherited Cardiomyopathy VCEP only approved mammalian variant-specific knock-in models, we noted at least one study used as pilot variant classification evidence that created a mouse model but did not directly assess the phenotype of the organism \[[@CR69]\]. Instead, this study used myosin derived from these mice for in vitro assays of myosin motility and ATPase activity. Additional guidance on the interpretation of model organisms is necessary to reduce variability in evidence interpretation and application.

Our primary literature curation uncovered multiple instances of conflicting functional evidence for a single variant, yet only the HL VCEP provided guidance on the interpretation of conflicting evidence from functional studies, suggesting "no criteria should be applied if multiple assay results do not agree" \[[@CR5]\]. A striking example of the prevalence of conflicting data can be seen in different instances of the *PAH* VCEP-approved enzyme activity assay (Table [3](#Tab3){ref-type="table"}). Variation in the study design likely contributed to the wide range of activity levels observed for the same variant; however, this was not addressed by the VCEP, and it is unclear how the VCEP selected which activity level to ultimately use as evidence for the PS3 criteria. This highlights the importance of not solely approving all assays of a given class, but rather evaluating the specific result of an assay in the context of that assay's validation. In addition to conflicts between functional evidence, we also noted a need for guidance surrounding cases of functional evidence that conflicts with other types of evidence gathered for a variant. The ACMG/AMP guidelines suggest that a variant with conflicting evidence should be classified as a VUS \[[@CR1]\]. A Bayesian reinterpretation of the ACMG/AMP guidelines specified a method for weighting combinations of pathogenic and benign evidence \[[@CR108]\] that may help to solve this problem. For example, the Hearing Loss VCEP classified the *SLC26A4* variant c.349C\>T as pathogenic (and later downgraded the variant to likely pathogenic), despite also applying BS3_supporting criteria to the variant. In doing so, the VCEP acknowledged that the anion isotope transport assay cited as evidence may not assess all aspects of protein function. Although not explicitly stated, we infer that the VCEP did not want a "supporting" piece of evidence to call into question the overall interpretation, when other lines of evidence more strongly suggested a pathogenic interpretation. This example also raises the question of how functional assays that examine only one aspect of protein function should be interpreted when a variant demonstrates a normal result and whether some form of combinatorial evidence from more than one class of assay should be required to support a benign interpretation.

Finally, through our curation of primary literature cited by the VCEPs, we observed that studies used as evidence for PS3/BS3 often did not satisfy all of the VCEP-recommended parameters (Figs. [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"}, [6](#Fig6){ref-type="fig"}, and [7](#Fig7){ref-type="fig"}). Understandably, many functional assays have been performed in basic science laboratories for the purpose of understanding the gene and not to provide clinically validated evidence of a pathogenic or benign classification. That being said, it is critical for VCEPs and others evaluating variants to approach this data critically and conservatively. While we suggest the development and implementation of criteria that sets baseline quality requirements, we also believe this finding demonstrates a need for the ACMG/AMP guidelines and VCEP recommendations surrounding PS3/BS3 criteria to be conveyed to research laboratories for incorporation into the study design of future research assays. The inclusion of pathogenic and benign controls, assay replication, and statistical analyses, among other practices, have the power to improve the clinical utility of studies conducted in research labs by aiding in clinical variant interpretation.

Conclusions {#Sec15}
===========

In summary, our comparative analysis identified both commonalties and discrepancies among the functional assay evidence evaluation recommendations made by six ClinGen VCEPs. We observed multiples areas of discordance that warrant additional guidance, including setting a standard for basic validation parameters that should be fulfilled by functional studies, establishing if assays using experimental material derived from affected individuals are appropriate for PS3/BS3 evidence, and determining how conflicting evidence should be assessed. Although VCEP recommendations are an indispensable tool for the interpretation of functional evidence in a given disease area, more formal methods for assessing the clinical validation of functional assays are needed to take full advantage of this evidence type for the classification of variants \[[@CR109]\]. While ClinGen aims to establish VCEPs for many Mendelian disorders, this general guidance will be particularly important for interpreting functional assays of variants in genes and disease areas not yet encompassed by a VCEP.
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